The Wnt signaling pathway {#s1}
=========================

Wnts (Wingless-related integration site) are a set of secreted factors that together with the Frizzled receptors make up the basis of the Wnt signaling pathway. Components of the pathway were discovered 30 years ago by different researchers working simultaneously in mouse and *Drosophila* models (Nusse et al., [@B79]; Cabrera et al., [@B14]; Rijsewijk et al., [@B89]), and these seminal discoveries have since sparked multiple lines of research to further elucidate the many branches and functions of this signaling pathway. Today, Wnt signaling is known to regulate stem cell pluripotency as well as many processes during development such as segmentation, polarization, cell proliferation, specification and differentiation (Logan and Nusse, [@B65]).

Wnts are glycosylated proteins that usually act locally on neighboring cells or on the Wnt-secreting cells themselves. There are 19 separate *Wnt* genes in the human and murine genome, 15 in the zebrafish and 8 in *Drosophila* (Miller et al., [@B73]). The target cell expresses a Frizzled receptor as well as the co-receptor LRP5/6. Upon Wnt ligand binding, LRP5/6 is brought in complex with the Wnt-bound Frizzled receptor. This triggers the activation of Disheveled (Dvl) and the dismantling of a complex consisting of glycogen synthase kinase 3β (GSK3β), adenomatosis polyposis coli (APC) and Axin (Figure [1](#F1){ref-type="fig"}). In a model where the pathway is simplified in "on-off" states, the transcriptional co-regulator β-catenin is continually targeted for proteasomal degradation by the GSK3β/APC/Axin complex when Wnt ligands are absent and the pathway is inactive. In the presence of bound Wnt ligands, degradation is prevented and β-catenin is free to translocate to the nucleus and combine with transcription factors TCF/LEF to initiate the transcription of Wnt target genes (Logan and Nusse, [@B65]).

![**Active and inactive Wnt/β-catenin signaling**. In the absence of Wnt ligands, the destruction complex consisting of Axin, APC, GSK3β, and Dvl (Adenomatous polyposis coli, Glycogen synthase kinase 3β, and Disheveled) resides in the cytoplasm where it binds to and phosphorylates β-catenin (β-cat), leading to its degradation. In this "off" state, T cell factor/lymphoid enhancer-binding factor (TCF/LEF) is inactive due to its interaction with the repressor Groucho. The pathway is activated upon binding of Wnt ligands to the Frizzled receptors and the co-receptor lipoprotein receptor-related protein (LRP) 5/6, resulting in the sequestration of Axin, recruitment of Disheveled, and the disintegration of the destruction complex. Binding of R-spondins (R-spo) to Lgr4/5/6 receptor stabilizes Frizzled. Accumulation of cytoplasmic β-catenin allows it to translocate into the nucleus and bind the TCF/LEF family of transcription factors to upregulate Wnt target genes, including *Axin2* and *Lgr5*.](fncel-09-00066-g0001){#F1}

Wnt signaling is known to regulate a wide range of developmental processes such as body axis and segment polarity, mesoderm and endoderm differentiation, hair follicle and nephron development, and epithelial-mesenchymal transition (Logan and Nusse, [@B65]). As with many other pathways that are important for rapid cell division and cell migration during development, Wnt signaling is associated with cancer formation and several components of the pathway are known oncogenes and tumor suppressors (Ring et al., [@B90]). Similarly, many of the pro-proliferative genes involved in development have also been revealed to govern stem cell pluripotency (Karamboulas and Ailles, [@B55]; Sui et al., [@B102]). Thus, it is not surprising that an emerging body of work links Wnt signaling to stem cell potency and regeneration in several adult tissues.

In the inner ear, the auditory organ houses mechanosensitive hair cells required for translating sound vibration to electric impulses. The vestibular organs, comprised of the semicircular canals (SSCs), the utricle, and the saccule, also contain sensory hair cells in order to detect head position and motion. Both auditory and vestibular signals are in turn relayed centrally via the spiral and vestibular ganglion neurons, allowing for sound and balance perception. Although the mature mammalian cochlea is a terminally differentiated, non-regenerating organ, regeneration has been described in the auditory systems of lower vertebrates and additionally to a limited extent in the mammalian vestibular organs. Numerous studies have characterized the multiple roles of the Wnt signaling during cochlear development. Moreover, recent studies have highlighted potential applications of Wnt signaling in promoting hair cell regeneration. We will begin by summarizing the work done on Wnt signaling in inner ear development.

Otocyst and vestibular development {#s2}
==================================

The inner ear derives from the otic placode. Shortly after gastrulation, molecular cues including fibroblast growth factor (FGF) signaling originating from the mesendoderm and the hindbrain instruct the preplacodal field surrounding the neural plate to form a patch of *Pax2*-expressing ectoderm, which constitutes the otic-epibranchial placodes (Noramly and Grainger, [@B78]; Brown et al., [@B12]; Ladher et al., [@B60]; Padanad and Riley, [@B82]). Subsequently, the attenuation of FGF signaling along with high levels of Wnt signaling from the hindbrain coordinate the specification of otic fate in the medial *Pax2*-expressing area. Conversely, low levels of Wnt signaling, coupled with FGF signaling, promote epibranchial fate laterally (Freter et al., [@B34]). Ohyama et al. showed that Wnt signaling is active within the otic placode and that Wnt inhibition via β-*catenin* deletion leads to an expansion of the epibranchial domains at the expense of the otic placodal cells. When β-catenin is instead stabilized to increase canonical Wnt signaling activity, otic ectoderm expands at the expense of epibranchial cells (Ohyama et al., [@B81]). Therefore, Wnt/β-catenin signaling is required for the specification of the otic placode size by restricting the otic lineage to a subset of *Pax2*-positive placodal cells that will go on to form the otocyst (Jayasena et al., [@B49]; Freyer and Morrow, [@B35]; Mahoney Rogers et al., [@B69]).

Initial work on the developing chicken otic placode implicated the involvement of *Wnt8c* (mouse *Wnt8a*) in otic ectoderm specification (Ladher et al., [@B59]; Urness et al., [@B103]). However, deletion of *Wnt8c* in the developing otic placode in zebrafish only delayed, but did not prevent, otic placode development (Phillips et al., [@B84]). Redundancy among Wnt ligands is well established in numerous developing systems and mapping of gene expression show that most components of the pathway, including the Wnt ligands, are expressed in a strict spatio-temporal manner during chicken inner ear development (Sienknecht and Fekete, [@B99]; Figure [2](#F2){ref-type="fig"}) suggesting that the partial overlap in expression of Wnts may account for such redundancy (Logan and Nusse, [@B65]; Gleason et al., [@B37]; Sienknecht and Fekete, [@B99]). For example, although individual gene deletions of *Wnt1* or *Wnt8a* result in normal inner ear development, mice deficient in both *Wnt1* and *Wnt8a* exhibit disruption of the dorsal patterning of the otocyst. This results in an underdeveloped endolymphatic sac while the formation of the otic placode and cochlear and vestibular sensory organs are unaffected (Vendrell et al., [@B107]). In addition, Wnt1 and Wnt3a have been shown to work redundantly in regulating the patterning of the dorsal otocyst. Riccomagno et al. determined that although the placode develops normally in *Wnt1*^−/−^; *Wnt3a*^−/−^ double knockout mice, absence of these Wnt members from the dorsal neural tube during later stages of otocyst development results in severe vestibular defects, including a complete lack of utricle and saccule. Intriguingly, in addition to the dorsal vestibular defects, the double mutant also displays a ventral phenotype with a hypoplastic cochlea (Riccomagno et al., [@B87]). The authors also found that Wnt signaling is both sufficient and necessary for inducing the expression of dorsal otic genes (*Dlx5, Gbx2*). Lastly, Wnt-responsive cells in the early otic epithelium was found to contribute to several different parts of the inner ear, including the majority of the vestibular system and parts of the cochlea. A similar finding on the effect of *Wnt3a* in dorsal-ventral patterning of the inner ear was recently described in the zebrafish (Forristall et al., [@B33]).

![**Wnt expression in developing inner ear in chicken and mice**. Overview of Wnt gene expression in the developing inner ear (Riccomagno et al., [@B87]; Noda et al., [@B77]; Vendrell et al., [@B107]). Dark shaded columns on the left represent epithelium of otic cyst and lighter shaded columns on the right periotic mesenchymal tissues. In later developmental states, dark shaded columns on the left represent pro-sensory and sensory areas whereas lighter shaded columns on the right represent non-sensory areas (Dabdoub et al., [@B21]; Wang et al., [@B109]; Qian et al., [@B85]; Etheridge et al., [@B28]; Sienknecht and Fekete, [@B98], [@B99]; Rida and Chen, [@B88]; Chai et al., [@B16]; Bohnenpoll et al., [@B7]). \*determined by PCR, specific cell type expression unknown.](fncel-09-00066-g0002){#F2}

In subsequent stages of vestibular inner ear development, the endolymphatic sac and two additional evaginations, the canal pouches, extend from the dorsal otocyst. The two canal pouches generate the three SSCs through a coordinated yet complex process of fusion and resorption (Chang et al., [@B17]). Using whole embryo culture and defined modulators of the Wnt pathway, Noda et al. discovered that canonical Wnt signaling is required for the formation of the fusion plate where the two evaginated pouches join (Noda et al., [@B77]). They further showed the existence of a stepwise restriction of Wnt activity in the early SSCs and that the canonical Wnt pathway promotes an increase in cell number in the dorsal otocyst through both proliferation and inhibition of apoptosis.

Similarly, the mouse model where *ß-catenin* was selectively deleted in Wnt-responsive cells in the dorsal part of the otocyst shortly before canal pouch evagination displayed the failure of formation of two of the SSCs. In addition, vestibular hair cells and supporting cells were absent (Rakowiecki and Epstein, [@B86]). Conversely, elevating β-catenin levels resulted in an expansion of canal epithelium, a loss of the fusion plate, and block in resorption. Moreover, these investigators also found a dual role for canonical Wnt signaling that corresponded with the previously described sequential restriction of the Wnt-responsive area in the developing SSCs. Whereas Wnt signaling is required for the expansion and maintenance of the pouch epithelium during early SSC formation, cells in the epithelium are no longer responsive to Wnt signaling after fusion plate formation. Instead, cells located in the fusion plate require active Wnt signaling for the proper resorption and ultimately the formation of the fluid-filled SSCs (Rakowiecki and Epstein, [@B86]). While these gain- and loss-of-function experiments have helped reveal the myriad of roles of Wnt/β-catenin signaling during development of the vestibular organs, it is important to point out that the levels of Wnt signaling also critically regulate morphogenesis as both inhibiting and activating modulators lead to a malformed vestibular system (Stevens et al., [@B101]).

Cochlear development {#s3}
====================

Active canonical Wnt signaling is mediated by the nuclear translocation of the key player, β-catenin, which complexes with transcription factors of the TCF/LEF family to initiate transcription (Figure [1](#F1){ref-type="fig"}). Several reporter mouse strains have been created to report on active Wnt/β-catenin signaling. These employ one or several TCF binding sites followed by either a fluorescent reporter or the enzyme beta-galactosidase to detect Wnt-responsive cells (DasGupta and Fuchs, [@B22]; Maretto et al., [@B70]; Ferrer-Vaquer et al., [@B30]; also reviewed in Barolo, [@B6]). Using a fluorescent Wnt reporter mouse, Jacques et al. showed that Wnt/β-catenin signaling is active in cochlear prosensory cells during early stages of cochlear development (Jacques et al., [@B46]). Reporter activity gradually diminishes until late embryonic ages when expression becomes restricted to a subset of supporting cells in the cochlear duct (Hensen's cells, pillar cells, inner phalangeal cells and inner border cells).

To determine the functional significance of canonical Wnt signaling in prosensory cells, these authors first used small molecule inhibitors of Wnt signaling in organotypic cultures of the embryonic (E12.5) cochlea and found that inhibition of Wnt signaling results in decreased proliferation of prosensory cells (Jacques et al., [@B46]). Conversely, application of LiCl to activate Wnt signaling causes an expansion of the *Sox2*-expressing prosensory domain and an increase in hair cell number. Recently, Shi et al. used a transgenic approach to carry out similar gain- and loss-of-function experiments in the developing mouse cochlea *in vivo* (Shi et al., [@B96]). Employing an inducible mouse model to manipulate the *Sox2*-expressing prosensory domain, they found that *β-catenin* deletion prevented differentiation of both hair cells and pillar cells. When *β-catenin* deletion instead occurred after the initiation of hair cell differentiation (after the onset of early hair cell markers *Atoh1* and *Gfi1*), using a hair cell specific Cre driver, hair cell maturation appeared unaffected, suggesting that Wnt/β-catenin signaling is required for proliferation of prosensory cells and for differentiation of hair cells but not for their subsequent maintenance. In support of the previous *in vitro* results, stabilization of β-catenin before the onset of hair cell differentiation increased cell divisions in the prosensory domain and induced the formation of supernumerary hair cells in a disorganized cochlea (Shi et al., [@B96]). Similarly, prior work using a retroviral approach to deliver β-catenin to the developing chicken otocyst found ectopic hair cell formation (Stevens et al., [@B101]). On the other hand, Wnt/β-catenin activation in neonatal cochlear supporting cells led to a primarily mitogenic response and did not perturb hair cell maturation (Chai et al., [@B15]; Shi et al., [@B95]).

Another reporter of active Wnt/β-catenin signaling is *Axin2* expression, which acts as a negative feedback inhibitor of the pathway (Lustig et al., [@B67]). In the developing cochlea, *Axin2* is highly expressed in the periotic mesenchymal cells that surround the cochlear duct in a spatiotemporal pattern remarkably different from that of *Lgr5* and TCF/LEF reporters (Chai et al., [@B16]; Jacques et al., [@B46]). Using conditional knockout mice, Bohnenpoll et al. found that deletion of *β*-catenin in *Tbx1*-expressing periotic mesenchymal cells led to loss of *Axin2* expression, reduction in the overall cell number and subsequent differentiation into fibrocytes (Bohnenpoll et al., [@B7]). Similar to cells inside the cochlear duct, stabilized β-catenin in *Tbx1*-expressing cells induced a mitogenic response. This study suggests that Wnt signaling is required for correct differentiation of periotic mesenchymal cells. Our group has found *Axin2* expression in tympanic border cells, which are derivatives of periotic mesenchymal cells, in the neonatal cochlea and have shown that they can behave as hair cell progenitors (Jan et al., [@B48]). The exact roles of *Axin2*-expressing periotic mesenchymal cells and tympanic border cells during cochlear development are unclear.

Non-canonical Wnt signaling: focus on PCP {#s4}
=========================================

In addition to canonical Wnt signaling, Wnt proteins can exert cellular responses in a β-catenin-independent manner via two separate non-canonical pathways (Figure [3](#F3){ref-type="fig"}). First, the planar-cell-polarity (PCP) pathway signals through Frizzled receptors and Disheveled to primarily rearrange the cytoskeleton, change cell morphology, and affect gene expression. Secondly, the Wnt/calcium pathway signals through phospholipase C to release intracellular calcium stores to ultimately affect genes involved in migration and cell fate (Gómez-Orte et al., [@B39]).

![**Canonical and non-canonical Wnt signaling pathways**. The Wnt pathway can be classified broadly as canonical and non-canonical. Both pathways are activated by a Wnt ligand to the Frizzled receptor. The active canonical pathway is mediated by β-catenin, which translocates into the nucleus and it acts as a co-activator of the TCF/LEF transcription factor, leading to the upregulation of Wnt target genes. The two major non-canonical pathways are Wnt/calcium and Planar Cell Polarity (PCP) pathways. In the Wnt/calcium pathway, Wnt binding to Frizzled activates Dvl, which stimulates calcium release from the endoplasmic reticulum, activating calcium-binding proteins including protein kinase C (PKC) and calmodulin-dependent kinase II (CamKII), and in turn, the transcription factor NFAT. The Wnt/calcium pathway has been shown to regulate cell movement and axis formation during embryogenesis. The Wnt/PCP pathway is mediated by the GTPases RhoA and Ras, which, via the activation of the RhoA-Rho-associated kinase (ROCK) axis or JNK, can exert effects on the cytoskeleton.](fncel-09-00066-g0003){#F3}

The mammalian organ of Corti represents one of the most organized epithelial structures. Nonsensory supporting cells and sensory hair cells are interlaced in a precise pattern to form the organ of Corti (OC), which in turn is strictly organized along a basal-apical axis (Wu and Kelley, [@B114]). Additionally, the stereocilia on the apical surface of hair cells consists of orderly rows of actin-based projections arranged in a linear and V-shaped pattern on inner and outer hair cells (Peng et al., [@B83]). On the outer hair cells, each row of stereocilia increases in height, forming a distinct staircase pattern, ending with the lone kinocilium at the tip of the V-shape that is responsible for directing the PCP of hair cells during development. This precise patterning of hair bundles is repeated along the cochlea and disorganization results in perturbation of sound perception (Yoshida and Liberman, [@B115]; Ezan and Montcouquiol, [@B29]).

Dabdoub et al. demonstrated that disruption of overall Wnt activity through either directly inhibiting ligand binding or halting Wnt ligand diffusion results in a disorientation of hair cell bundles, indicating that secreted Wnt proteins are required for correct PCP in the cochlea (Dabdoub et al., [@B21]). The authors also found that *Wnt7a* is expressed in the developing cochlear duct and cochlear explants cultured in Wnt7a conditioned medium resulted in misalignment of hair cell bundles. However, *Wnt7a* deficient mice revealed no anomaly in bundle orientation. This indicates that Wnt7a is not required for correct bundle orientation and suggests that other Wnt members may compensate for Wnt7a or independently mediate the Wnt/PCP pathway in the developing cochlea (Dabdoub et al., [@B21]). Another candidate mediator of the Wnt/PCP protein is *Wnt5a*, which is expressed in the Kölliker's organ medial to the organ of Corti (Qian et al., [@B85]). A Wnt antagonist, *Frzb* (also known as *SFRP3*), is expressed on the opposite side of the developing organ of Corti, possibly creating a gradient of active Wnt5a signaling across the sensory domain. In contrast to *Wnt7a* deficient mice, *Wnt5a* null mice display clear PCP defects with a slightly shortened and broader cochlea consisting of additional rows of hair cells along its entire length, especially towards the apical end. However, this phenotype is only observed in about one third of the mutant animals (Lewis and Davies, [@B62]; Qian et al., [@B85]). Subsequent studies on Frizzled receptors have complemented the findings in *Wnt5a* null mice. Both the Wnt receptor Frizzled3 and Frizzled6 are expressed in cochlear and vestibular hair cells in the inner ear, and double knockout mice for both receptors display PCP defects more penetrant in the cochlear than vestibular organs (Wang et al., [@B108]). Specifically, hair bundles on cochlear hair cells are overtly disoriented while bundles on hair cells in the cristae are unevenly disoriented and those in the utricle and saccule are unaffected (Wang et al., [@B108]). This may be attributed to different sets of Frizzled receptors mediating the Wnt/PCP pathway in the cochlear vs. vestibular organs. In the cochlea, all three members of Dvls have been implicated to mediate the Wnt/PCP pathway (Figure [3](#F3){ref-type="fig"}). While mutant mice deficient in *Dvl1* or *Dvl2* alone were normal, double knockouts of both *Dvl1* and *Dvl2* exhibit PCP defects (Wang et al., [@B109]), suggesting a functional redundancy between these 2 members. These findings contrast those of *Dvl3* null mice, which displayed PCP defects in addition to loss of outer hair cells (Etheridge et al., [@B28]). *Dvl3* null mice with one functional allele of *Dvl2* exhibits more severe PCP defects than *Dvl3* null animals alone, again suggesting Dvl members may complement each others. A comprehensive review of Wnt/PCP can be found in a recent review by Ezan and Montcouquiol (Ezan and Montcouquiol, [@B29]).

R-spondins and Lgr receptors {#s5}
============================

An important group of ligands and receptors in stem cell biology and regeneration, the R-spondin family of ligands and leucine rich repeat (Lgr) G-coupled family of receptors, was recently linked to Wnt signaling (Jin and Yoon, [@B52]). R-spondins can bind to three members of Lgr receptors to regulate the strength of Wnt signaling (de Lau et al., [@B23]). Specifically, R-spondins are ligands for Lgr4, 5 and 6, which represent a phylogenetic subgroup of Lgr receptors (de Lau et al., [@B24]). In most tissues where R-spondin and Lgr's have been studied with regards to Wnt signaling, it has been found that they act to potentiate downstream Wnt signaling (Schuijers and Clevers, [@B93]). It is therefore quite intriguing that the only study on R-spondins in the developing inner ear postulates a negative regulatory function on Wnt signaling. Mulvaney et al. found that *R-spondin 2*, as the only member of the family (R-spondin 1--4) present during cochlear development, is expressed in the greater epithelial ridge cells (Mulvaney et al., [@B75]). Studying mice with targeted mutations in *R-spondin 2*, they discovered that loss of *R-spondin 2* resulted in a continuous extra row of outer hair cells in the cochlea without causing PCP defects (Mulvaney et al., [@B75]). When R-spondin 2 was added to explant cultures from wildtype mice, the number of outer hair cells decreased modestly, further indicating that R-spondin 2 has the opposite effect of β-catenin activation in the developing cochlea and do not appear to potentiate canonical Wnt signaling to increase the number of hair cells (Jacques et al., [@B46]; Shi et al., [@B96]). One may speculate that either there is crosstalk between R-spondin 2 and other pathways or that Wnt signaling has a putative negative effect on outer hair cell formation in the developing cochlea, possibly through a non-canonical Wnt signaling pathway.

Out of the possible Wnt-associated R-spondin receptors, *Lgr5* is the best studied in inner ear development. Chai et al. found that *Lgr5* is expressed in the cochlear duct epithelium and lateral wall during development and that the expression becomes progressively more restricted to a subset of supporting cells (Chai et al., [@B16]). Mice deficient in *Lgr5* die perinatally. However, morphological studies have demonstrated that cochlear development proceeds normally, and the gross morphology of the organ of Corti is normal, indicating that *Lgr5* is dispensable for hair cell formation (Chai et al., [@B16]). Instead, it is *Lgr5*-positive cells in the postmitotic neonatal cochlea that have garnered attention recently as a possible source of hair cell progenitors.

Wnt signaling in stem cell regulation and tissue regeneration {#s6}
=============================================================

In contrast to the Wnt/Frizzled/β-catenin axis, which is evolutionarily conserved from early multicellular animals and onward, the *R-spondin/Lgr* gene families are primarily a vertebrate specific evolutionary addition. One theory put forward by Clevers et al. is that they have evolved as a result of a need for a higher regulatory input in Wnt signaling in the adult tissue stem cells frequently seen in long-lived vertebrates (Clevers et al., [@B18]). Using R-spondin/Lgr signaling to fine-tune the Wnt pathway output would potentially strike the fine balance between stem cell proliferation and malignant cell transformation required to sustain tissue regeneration. Whether true or not, there is a striking association between the R-spondin/Lgr axis and several types of somatic stem cells. *Lgr5* especially, has garnered much attention the last few years as a high fidelity marker of stem cells in several regenerating tissues (Schuijers and Clevers, [@B93]). For instance, *Lgr5* marks a subset of cells in the highly proliferative intestinal epithelium (Barker et al., [@B5]). As the fastest proliferating organ in adult mammals, intestinal cells are completely replaced about every 4 to 5 days (Leblond and Stevens, [@B61]). Using genetic lineage tracing, researchers found that *Lgr5*-positive cells could give rise to all differentiated cell types in the intestine and identified them as a type of intestinal stem cell (Barker et al., [@B5]). This supports a model where abrogated Wnt signaling, including depletion of co-regulator β-catenin and transcription factor TCF, results in a loss of stem cells and self-renewal in the intestine (Korinek et al., [@B57]; Fevr et al., [@B31]).

*Lgr5*-positive cells exhibiting varying degree of stem cell properties have also been found in the stomach (Barker et al., [@B4]), hair follicle (Jaks et al., [@B47]) and mammary gland (de Visser et al., [@B25]). In the skin, where *Lgr5*-positive cells continuously give rise to new hair follicle cells, another Lgr family receptor *Lgr6*, marks a different, Wnt-independent, stem cell population that replenishes the epidermis and sebaceous glands (Barker et al., [@B4]). Both *Lgr5*- and *Lgr6*-expressing cells also contribute to wound healing in the skin, while *Lgr6*-positive progeny alone are responsible for establishing long-term repair of all components in the skin. In the liver, *Lgr5*-positive cells only appear after damage when they regenerate hepatocytes and bile ducts (Huch et al., [@B117]). Similarly in the pancreas, *Lgr5-positive* progenitors cells also appear after damage (Huch et al., [@B44]). A common trait of these cells is the ability to generate ever-expanding cultures of Lgr5 progenitor cells responsive to Wnt proteins and R-spondins *in vitro*. The manifestation of *Lgr5-positive* cells with more limited proliferative performance has also been seen in isolated cultures of cochlear cells (Chai et al., [@B15]; Shi et al., [@B97]). These cells respond to Wnt stimulation and can act as *in vitro* hair cell progenitors.

Another member of the Wnt pathway and direct Wnt target gene frequently associated with stem cells is the negative regulator Axin2 (Figure [1](#F1){ref-type="fig"}; Jho et al., [@B50]; Lustig et al., [@B67]; Zeng and Nusse, [@B116]). Bowman et al. showed that *Axin2*-positive cells could give rise to multiple restricted neural stem cell populations during development and that these Wnt/β-catenin-responsive stem cells persisted in the adult mouse (Bowman et al., [@B8]). Axin2 tracing likewise labels several distinct stem cell populations in the developing and adult mammary gland (van Amerongen et al., [@B105]). Similar to *Lgr5* and *Lgr6*, *Axin2* also marks a population of stem cells in the skin. Axin2-positive interfollicular epidermal stem cells contribute to epidermal regeneration in a Wnt/β-catenin dependent manner (Lim et al., [@B63]). *Axin2-marked* tympanic border cells in the neonatal cochlea have been shown to exhibit Wnt-responsive progenitor cell characteristics (Jan et al., [@B48]), yet their roles during the homeostasis and regeneration of the neonatal and mature cochlea are currently unknown.

Regeneration in fish and birds {#s7}
==============================

A rich body of literature describes the temporal events during the regeneration of hair cells in non-mammalian species including birds and zebrafish (Corwin and Cotanche, [@B19]; Ryals and Rubel, [@B92]; Warchol and Corwin, [@B110]; Brignull et al., [@B10]). More recently the molecular switches during these events have begun to be unveiled. In the avian utricle and the zebrafish lateral line, hair cells are turned over, and new hair cells are produced on a continuous basis (Williams and Holder, [@B113]). After hair cell damage in these organs, the rate of hair cell production increases (Matsui et al., [@B71]; Harris et al., [@B40]; Ma et al., [@B68]). Although no steady-state hair cell turnover has been observed in the chicken auditory organ, the basilar papilla, noise or aminoglycoside damage results in robust supporting cell proliferation and hair cell replacement (Corwin and Cotanche, [@B19]; Ryals and Rubel, [@B92]). In the avian inner ear and zebrafish lateral line, the predominant mode of regeneration involves supporting cell division prior to conversion of one daughter cell to a sensory hair cell. When hair cell regeneration occurs without an antecedent mitotic event, a phenomenon termed direct transdifferentiation can be observed in the regenerating basilar papilla (Roberson et al., [@B91]; Duncan et al., [@B27]; Shang et al., [@B94]). Based on these studies, the process of hair cell regeneration can be categorized into two modes in the basilar papilla: mitotic regeneration and direct transdifferentiation. As direct transdifferentiation is also the primary mode of regeneration in the mammalian vestibular system, its mechanism will be discussed in a later section.

Because canonical Wnt signaling has been shown to be critical for the development of posterior lateral line neuromasts (Gamba et al., [@B36]; Aman et al., [@B2]; McGraw et al., [@B72]; Valdivia et al., [@B104]), its role during the regeneration of hair cells in the neuromasts was recently examined (Head et al., [@B42]; Jacques et al., [@B45]). Using a TOP;GFP reporter transgene (Dorsky et al., [@B26]), Head et al. reported a low level of active Wnt/β-catenin signaling in the homeostatic neuromasts, where proliferation and hair cell renewal are present at low levels. This is in contrast with results obtained using a different reporter of active Wnt signaling, where no Wnt activity was observed during homeostasis (Jiang et al., [@B51]). Overexpression of *dickkopf1b (dkk1b)*, a secreted Wnt inhibitor, further reduced this baseline level of proliferation. Conversely, pharmacologic inhibition of GSK3β (using 1-azakenpaullone) increased supporting cell proliferation in a β-catenin dependent manner, indicating that the effects are mediated by canonical Wnt signaling. After neomycin-induced hair cell loss, Wnt activity as indicated by the TOP;GFP reporter transgene increases, and this rise coincides with the increase in proliferation observed in supporting cells in the neuromasts (Head et al., [@B42]). As in the homeostatic neuromasts, overexpression of *dkk1b* dampened the proliferative response to hair cell damage, suggesting that Wnt signaling was required at least for the mitotic phase of regeneration. Likewise, the Wnt activators 1-azakenpaullone and LiCl, which are both GSK3β inhibitors, promoted supporting cell proliferation and increased the number of hair cells formed and the overall size of the neuromasts exceeding the level of natural regeneration (Head et al., [@B42]; Jacques et al., [@B45]). In regenerating neuromasts, both supporting cells and mantle cells proliferate in response to hair cell damage with only the former contributing to hair cell regeneration (Jones and Corwin, [@B53]; Harris et al., [@B40]; Hernandez et al., [@B43]; Ma et al., [@B68]). After drug-induced Wnt activation in both damaged and undamaged tissues, cells located in the center and the periphery of the neuromasts (where supporting cells and mantle cells reside) are competent to respond by increasing mitotic events, ultimately resulting in enhanced hair cell regeneration (Head et al., [@B42]; Jacques et al., [@B45]). Yet, the functional significance of this augmented regeneration is unclear. While these studies suggest that canonical Wnt signaling is required for the proliferative response to hair cell loss and that activating Wnt/β-catenin signaling can enhance mitotic hair cell regeneration, recent insights into putative hair cell progenitors in the zebrafish posterior lateral line and chicken utricle draw a more complex picture.

Two recent studies (Jiang et al., [@B51]; Steiner et al., [@B100]) examined the temporal expression of Wnt target genes and other components of the Wnt pathway in supporting cells and mantle cells in response to hair cell damage. Jiang et al. found that changes in expression of cell cycle genes in supporting cells and mantle cells precede those of canonical Wnt signaling. Specifically, they found that both the components of the Wnt pathway (*tcf4*, *fzd7b*, *fzd8a*, *Wnt10a*) and its overall activity as measured by a TCF/LEF-GFP reporter were downregulated during the early post-damage period. Subsequently, an increase in these components precedes active Wnt signaling (also by TCF/LEF-GFP reporter) in the late phase of regeneration. In parallel, microarray data generated by Steiner et al., who isolated mantle cells after having used copper to lesion hair cells, showed a complicated damage response consisting of upregulation of a subset of the Wnt pathway components and target genes (*Wnt3*, *Wnt7a*, *Wnt9a*) but downregulation of others (*Wnt9a*, *Axin2*, *Tcf4*, *Sfrp2*) immediately after damage (Steiner et al., [@B100]). Interestingly, cell cycle gene expression changes immediately following hair cell degeneration coincided with a decrease in Notch and FGF signaling (Jiang et al., [@B51]). These results suggest that pathways other than Wnt signaling may be responsible for initiating the regenerative response of supporting cells after hair cell loss but that active Wnt signaling is both necessary and sufficient for proliferation in later stages of hair cell regeneration.

The molecular mechanisms of supporting cell proliferation in the chick utricle have received much attention. In the regenerating chick cochlea and utricle, proliferation peaks at 48 h after ototoxic injury (Alvarado et al., [@B1]). When the sensory epithelium from either organ was profiled, *ß-catenin* was down-regulated at both the 0 and 24 h time points after damage before being significantly upregulated at 48 h when the peak of proliferation occurred. Furthermore, RNAi knockdown of *ß*-catenin and *Wnt4* prevented supporting cell proliferation, suggesting that Wnt/β-catenin signaling is required for at least the mitotic phase of regeneration (Alvarado et al., [@B1]) similar to what has been described in the zebrafish neuromasts. Addition of exogenous Wnt proteins (Wnt4 and 5a) further enhanced proliferation of supporting cells, providing additional support that Wnt/β-catenin signaling also modulates the proliferative response after hair cell injury. Using the peaks of proliferation and hair cell formation (at 48 h and 168 h post hair cell injury) as references, Ku et al. examined the dynamics of gene expression, including Wnt target genes, during hair cell regeneration in the chicken utricle *in vitro* (Ku et al., [@B58]). Several of the examined Wnt target genes (*Lgr5, Axin2, Klf5, Lef1*) did not exhibit significant changes prior to proliferation. As was performed in the zebrafish lateral line, an examination of the timing of mRNA expression reveals a much more complex picture of Wnt signaling during regeneration. This complexity is likely attributed to the dynamic interplay of several major pathways with canonical Wnt signaling to stepwise regulate the initiation of regeneration, proliferation, and conversion of progenitor cells towards a hair cell fate. In particular, Notch signaling has been demonstrated to limit both proliferation and hair cell differentiation via the process of lateral inhibition in zebrafish lateral line (Ma et al., [@B68]). Direct crosstalk between Wnt and Notch signaling is also known to occur in numerous systems during development (Hayward et al., [@B41]). Understanding the complex weave of pathway interactions as well as the level of activity of individual pathway will likely be necessary to make additional progress towards elucidating the complete picture, depicting the mechanisms of hair cell regeneration. While more challenging, a combinatorial approach will also likely yield a more robust degree of regeneration in the mammalian inner ear.

Wnt signaling and mammalian hair cell regeneration {#s8}
==================================================

In stark contrast to the avian inner ear and the zebrafish lateral line, the mature mammalian auditory and vestibular organs do not spontaneously mount a proliferative response after hair cell degeneration. While no regeneration of cochlear hair cells have been observed, the vestibular organs non-mitotically regenerate lost hair cells to a limited extent (Forge et al., [@B32]; Oesterle and Campbell, [@B80]; Lin et al., [@B64]). Although the roles of canonical Wnt signaling during mammalian inner ear development have been more thoroughly examined, only recently have studies begun to shed light on its possible involvement during regeneration.

As described previously, during embryonic mouse cochlear development, active Wnt/β-catenin signaling is required for initial hair cell differentiation but not subsequent maturation and maintenance (Shi et al., [@B96]). Overactive Wnt signaling promotes both proliferation and ectopic hair cell formation during early embryonic development as opposed to a primarily proliferative response during late embryonic development (Jacques et al., [@B46]). This suggests that the effects of Wnt/β-catenin signaling shift as the cochlea matures, emphasizing its context-dependent role. In the neonatal, immature cochlea, *Lgr5* is expressed in a subset of supporting cells. When isolated and cultured *in vitro*, *Lgr5*-positive supporting cells can behave as hair cell progenitors, as defined by their limited self-renewal and ability to generate new hair cells (Chai et al., [@B15]; Shi et al., [@B97]). Indeed, the acquired proliferative behavior of isolated Lgr5-positive supporting cells require secreted Wnts and become more robust in the presence of Wnt agonists, similarly to what has been described in other organs. In a transgenic model of hair cell ablation in neonatal mice, *Lgr5*-positive cells can, to a limited degree, proliferate and regenerate hair cells after damage (Cox et al., [@B20]), although regenerated hair cells later degenerated, likely due to a lack of survival factors.

In addition to the mitogenic effect exerted by Wnt/β-catenin signaling, studies on cochlear development in both mice and chicken suggest that overexpression of β-catenin can induce ectopic hair cell formation (Stevens et al., [@B101]; Jacques et al., [@B46]; Shi et al., [@B96]). When β-catenin was stabilized in supporting cells in the neonatal cochlea, a subset of supporting cells proliferated. In addition to the proliferation, a subset of supporting cells was also found to acquire a hair cell fate as demonstrated by *Atoh1* expression (Chai et al., [@B15]; Shi et al., [@B97], [@B95]). Unfortunately, in the undamaged adult mouse cochlea, β-catenin stabilization fails to induce either supporting cell proliferation or hair cell formation (Shi et al., [@B95]). Hence, both the ability to mount a proliferative response and the capacity to acquire a hair cell fate in response to Wnt overactivation decreases and becomes spatially more restricted in the neonatal cochlea compared to its embryonic counterpart.

In contrast to the mature mammalian cochlea, the adult vestibular utricle retains a limited capacity for hair cell regeneration (Forge et al., [@B32]; Warchol et al., [@B111]). Using a transgenic hair cell ablation model in adult mice, Golub et al. estimated the extent of hair cell regeneration to be 17% over a 6 month period (Golub et al., [@B38]). The mode of regeneration is assumed to be direct transdifferentiation as almost no mitotic events were detected. While the function of canonical Wnt signaling has not been thoroughly examined in the mature utricle, select studies have instead examined the neonatal utricle, where supporting cells can proliferate and regenerate lost hair cells after damage (Burns et al., [@B13]). Without damage, pharmacologic inhibition of GSK3β enhanced supporting cell proliferation *in vitro* (Lu and Corwin, [@B66]).

Unlike in the cochlea, recent work from our laboratory show that *Lgr5* expression is not detected in the neonatal utricle. However, hair cell damage at that age results in an up-regulation of *Lgr5* expression in supporting cells prior to hair cell regeneration. Lineage tracing experiments further demonstrated that *Lgr5*-positive supporting cells can mitotically regenerate hair cells and that β-catenin stabilization augmented both the mitotic response and the extent of hair cell regeneration (Wang et al., [@B118]). Taken together, the neonatal mouse cochlea and utricle both contain supporting cells that are competent to proliferate and form hair cells in response to Wnt overactivation. It is important to point out that the supporting cells in the neonatal utricle, unlike those in the adult organ, are capable of re-entering the cell cycle before hair cell regeneration. One may conceive these neonatal supporting cells as less mature, but the factors differentiating them from those residing in the adult utricle are yet to be revealed.

In summary, these studies in regenerating sensory organs suggest that active Wnt/β-catenin signaling can increase the extent of mitotic hair cell regeneration (Figure [4](#F4){ref-type="fig"}), yet the ability of activating Wnt/β-catenin signaling alone to renew proliferation and hair cell regeneration observed in the neonatal, immature mammalian cochlea appears limited in the mature, mammalian cochlea. Considering the dynamic changes of other signaling pathways during regeneration of the zebrafish lateral line system and the chick utricle, it will be critical to understand how other signals may act in concert with Wnt signaling to regulate the process of regeneration.

![**Model of potential roles of active Wnt signaling in hair cell regeneration**. Schematic broadly depicting hair cell damage can activate supporting cells to proliferate and regenerate lost hair cells (mitotic regeneration), or to directly acquire a hair cell fate. Wnt/β-catenin signaling can increase mitotic regeneration by promoting cell cycle re-entry and also possibly by increasing Atoh1 expression.](fncel-09-00066-g0004){#F4}

Future directions {#s9}
=================

A major hurdle in dissecting the functions of individual Wnt ligands and Frizzled receptors is their redundancy. This was illustrated previously by the lack of inner ear phenotypes in mice deficient in either *Wnt1* or *Wnt3*, yet double knockouts exhibit overt abnormal development of the otocyst. Insights into the mechanisms of packaging and secretion of Wnt proteins have introduced new approaches to overcome this hurdle. In Wnt secreting cells, Wnt proteins first undergo lipid modification, which is necessary for their activity (Willert et al., [@B112]), before being secreted. Studies in *Drosophila* have characterized Porcupine and Wntless to be essential for these steps, and their deficiency leads to phenotypes similar to those of Wingless (homolog of Wnt) mutants (van den Heuvel et al., [@B106]; Kadowaki et al., [@B54]; Banziger et al., [@B3]). Thus future studies manipulating Wnt secretion may help delineate the complex functions of secreted Wnts in the context of canonical and non-canonical Wnt signaling in the inner ear.

The identity of the cells targeted by Wnt secretions present additional obstacles. The majority of work on downstream Wnt signaling has so far focused on manipulating β-catenin through genetic approaches or by means of small molecules targeting its destruction complex. While this has garnered substantial information on where active canonical Wnt signaling is required during development and regeneration, much of the identity of Wnt secreting cells and what combinations of Wnt and Frizzled members are responsible for activating Wnt/β-catenin signaling in specific developmental and regenerative processes still remain unknown (Figure [2](#F2){ref-type="fig"}). How can prosensory cells, which are regulated by canonical Wnt/β-catenin signaling differentiate into hair cells whose orientation is tightly regulated by the non-canonical Wnt/PCP pathway just a few days later? Do different axes of Wnt-Frizzled operate the two pathways? Due to its striking phenotype in the ear, and especially the mammalian cochlea, the PCP pathway has been the most studied of the non-canonical Wnt signaling branches. However, the molecular response in Wnt/PCP-responsive cells upon Wnt stimulation is still poorly understood. Additionally, the role of Wnt/calcium pathway and whether it serves different or overlapping functions are unknown and actively being investigated. Furthermore, while the focus on the function of β-catenin has been in the context of canonical Wnt signaling, it is important to also consider its role in cell adhesion as it has been shown to interact closely with cadherin family members (Nelson and Nusse, [@B76]). Thus understanding the identity of Wnt-secreting and Wnt-responsive cells as well as the downstream mechanisms regulating their functions during hair cell development is critical in guiding our approach to incorporating Wnt manipulation during hair cell regeneration.

As previously mentioned, much work is still needed to improve our understanding of the relationships among multiple signaling pathways. The studies undertaken in species where hair cells naturally regenerate as part of homeostatic turn-over or in response to damage have begun to paint a picture of the spatio-temporal activity of pathways during supporting cell proliferation and hair cell differentiation. Some parts of the interaction of Wnt signaling with other pathways have already begun to unravel. For example, Wnt activation has been discovered to result in the upregulation of Jagged1, a member of the Notch pathway with a prosensory function (Morrison et al., [@B74]). Inhibition of either the Notch or Wnt pathway at early cochlear development results in diminished prosensory regions and prevented hair cell differentiation, suggesting that the pathways may intersect at least at this developmental stage (Brooker et al., [@B11]; Kiernan et al., [@B56]). Moreover, Bramhall et al. found that Notch inhibition increased hair cell regeneration by *Lgr5*-positive cells in the neonatal cochlea *in vitro* (Bramhall et al., [@B9]), implying that Wnt-responsive cells are prevented by Notch signaling to differentiate into hair cells. Important next steps should include mapping of the activity of such pathways in the quiescent, non-regenerating auditory epithelium and the understanding of the native competence of individual supporting cells, such as the *Lgr5*-positive cells, as the auditory and vestibular organs age. Such an understanding and the development of additional genetic and molecular tools to facilitate a combinatorial approach are critical next steps towards further facilitating mammalian hair cell regeneration.
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